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ABSTRACII’

We have studied three transitions of the CCS rnoleca!e  to de~er:nir,c  :~hysicd
conditions in 1,1498 and ‘J’!/[Cl-1), two narrow-line de~.s~  cores in cb. e ‘1:. LI:I.Is  re:, ion.
W e  o b s e r v e d  t h e  N J  =- 12 -. 01, 34 -- 23, a:ld ~s - ‘ G? trarlsitions  at ~~.3. ‘lj’~.
and 93.9 GHz, respect  iv~ly, at 50” an Su!ar resolu~ion  ‘l’he intensities 01’ che srr~isslo[l
lines have beer,  analyzec!  using statistical equilibrium ca.lc’ula, tic)ns and cTJI!isic)n  r’3Les

, .
czuculatec :or the CCS-11~ S~SIeIfl, 1  less were ootainecl [Toni ;P, e ./ .J[S(::L:  j~t.~~~~![’.+. ,, !., ,.

\l”
ccjde together  with inclusion O( spin ciepencienc:  !~l !IUOd’5 case  ( b) rrIcIdd.  ~~c’ tirl(l
that the kinetic temperature in both sources is e.xtremeiy  IOW, bet.vecn T xnci LO ~.
“l’he 1,1498 emission appears to originate  in a single  veiocity  co[rlp~[l~[l:  ‘.’i~il [;l~’:-~~l
hydrosen  density 3 to 14 x 10’L cm-3 . PVe analyzed  thi?a  velocity COn’~pO(’e!’LG.5 in “1’>[~
1-D separately, and find that the low-velocity component has a r[lea:~  Ii: clenslty o; 6
X 1 03 cm-o, while the two hi< fier-ve!ocity compone:its  are denser by a,pproxil[la,  tely a
factor of three.  The L1498 core is close to virial equilibriurl~ il~ that tlie  magnitude

of its gravitational energy is c!ose to that cjf its kinetic energy. IIowever. the cores
corresponding; to the three velocity cor[lponents  in ‘1’ MC- 11) are unbound by factors of
two to seven.
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Subject headings;  ISM: individual  (1’a~lrus,  1,]498)-  ISAJ: Illo]eCLI]es  (CCS)  - p h y s i c a l

conditions

We dedicate this pa,per to the me~nory of Shelc{on  Green,  who passed away in December
1995, Sheldon was an outstal\dj]\g  che~l-ljst  who made  r[la,n~ si~,nifica.rlt  contrib  L[tions  to molecu]ar
astrophysics.



- :3

1. In t roduc t ion

Dark clouds are the ]eSS massive and colder  subset of molecular clouds, with typical masses
1 02- 103M0 and kiIlet,ic  terIl~erar,  ures ~-lj K. Specifically, low mass  (11 w 1 M,,>) s~ar forrrlatioi]
is thought to occur in sub-condensations of dark ri~olecular clc~uds known as dense co7Ys. lie
association betwee~l  ;hese cores and stars is significantly  Iarqer than would occur through rantio[ll
s ca t t e r ing  o f  sta,rs iI~ da,rk C,lOudS,  ~-or example,  Beichrna, n et ai, (1986) us?ci LIie iii,-\S survey IU

search fc)r newly for~[led ~tars in nearby dense cores, and found IR.-\S source.< ~n -[~ 01’ 9.j oenst
cores surveyed.

Myers,  I,inke ~ Bellson (IQ~Z) conduc:ed  the first large radio su rvey  of ae!lse cores.  ‘1’he:i
identif~ed nearly 100 corm as s~na]]  (< .5’)  spots of visual ex~inction OIL Palomar  pIates.  ~he~ therl
Confirined  the c]p.ssific3,tion O; Chese  regions as dense cores by obse:v!ny  corrasoo~din~  e n h a n c e d
eniission in the J = 1 - . 0 transition of ‘s CO and C~80. !vlappin~l  studies oi cores reveai that
they  tend to be cerltra]]y  colldellsed  and that there rr~a,y be a. clumpy subsr,  ruc:ure  GO che gas they
c.oncain a s  we]] (Sne]], ]., arrger k F’rerking, 19S’2, Lang,er  et al. 19’25).  Mye:s  & Henson (1983)
conciuctecl  a survey which indicates that nlost dense cores appeaf  to ‘~e close LO viria[  ecr. uiiibriu:l”~

or in the early phase of collapse. IIowever. the unce~taint:~  in their  derived  cors masses and j]z~s
clid not allow thenl  to der, err[lirle de f~rlitive!y  if cores a,:? ~,ravitzclona]ly  bound entities or simp~
transic!~t  ag,gega:ions  of gas. A sil:liia: quest ion ar~ses for CIUiIIDS  which ha;e been rietected
within  the cores.

klost  cores a,re Ilot spherica,i, but have aspect ratios of -= 1:2, and may have a compiex
internal structure as well. .4 Dou~ ha, lf O( ~he cores in the ‘denson k Myers (1389)  stud,;~  e x h i b i t e d
non-g aussian  sDecr, ral  Iine-jhapes, ~ossihlv in(iica:il~g;  the presence oi ilir, ernal structure,  naps c,i
cores in various ~-lolecular  species de:ilons:ra,  ce that ciifi”erent  molecular tracers  may reveal ver:<
rfifl-ererrt  r~,orph~lo~~cs  within Lip s:~mc COrE (Suzuki et a.!. req.!, y[ye:~ sc a!. :991,  Swa. cie !95~’j.>
‘rhese dil’Tererices  may resuit from varia~iorls  in ce!:lperature  density,  ‘or cnew. icai a. bund~r, ces
with!n a cc]re, fu~:he:  co~:lpiicb,i,i~~g, ;F,e pic:~re 01’ :hese ob~ec:s.

An interesti:lg  feature oi rr{any 0[ the cores in the N113 survey of Renson & \Ilyers (1989){~
their remarkably Ilarrow  iinewic{ths, which range frclrr~ 0.20 to 1.38 km s- 1. I’or coliLparison, the
tkrernlal  lillewidth  of N113 at lfj K is 0.17 km s- L Cores which are associateri with -l R:-\S SO UTCCS
have considerably larger  ]irlewidths  t~al~ starless  cores. “J’hus,  either  the stars themselves produce

]ar~e-scale turbulel~t motions  within  the cores through rrlecha,nisms  such as st~ilar  outflows, or the
processes leading  Up to star forlnation  cause turbu~ence. Many of the starless cores in the NH3
survey have a lir~ewidch  bare]~  larger  than that  due to therl[ial  I]oppler  brcja,dening, Such narrow
lines irtdicate  a low level Of turbulerlt  motjor~s in the core. g’he linewidth  Of errlission iines in a, co:e
is a resu[t. of both ther[[~al  Doppler broadeninpj  alld non-t  herr[~a]  motions of ~;,e gas which ~dd i~
cluadrature  to give the total observed jir~ewicith,  i.e.

(1)

“J’he thermal  ]inewidth  has the form ~Vt Z. 2f2/7~(2)kT/rr~)05  where k is Ho]tzmann’s  constant,
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7’ is the kinetic temperature of the gas, and m is the nlass of the observed molecule. l’hc
non-thermal portion of the linewidth  may arise fronl such phenomena as rotation, gravitational
collapse, turbulence, or other ]arge scale motions within the core. Fuller & Myers (1992) showed
that turbulent motions terld to increase with iIlcrea,sing  core size.

Hecause non-thermai  velocity dispersions as small as 0.04 kni s- 1 have been observed in dense
cores (~’u]]er & h~yers, 1993; Langer et al. 1995), it is advantageous to employ a molecule with a
comparable or smaller thermal  dispersion to study dense cores. I’or a kinetic temperature 01’10 K,
an ideal molecular tracer would have a nlass > 50 amu.  I,ong cxrbon chain r[lolecules,  illcludin  S-.
t h e  cyanopolyyenes  (H C2,,+ IN, n =, I, 2, 3, 4, j), CR} I (n = 1. 2, 3. 4, 5. 6) i+.nd (;n S (o = [. 2. 1)
thus make good tracers of dense regions. Additionally, [ong chain rno[ecules  have large nlonlen~s CIf
illertiat  producing ciosely spaced rotational  energy levels,  which vieid [[ii~ny obst~l~;;~bi(~  ( [ iLII>II  io(l>.

‘l’he a.bu!ldances  of different kinds of carbon chain nlolecules in a core are often corre!ateu.  SuZukl
ec al. (1992) postulate that carborl chain r[lolecules  are abundant in eariy evolutionary periods
of cores, and become less cornrnon at later times as the carbon  tends to become bound up into
CO. In their survey of CCS in dense cores, they noted  that CCS was significantly more like!;;  to
be found in cores without stars  than in cores with stars. I’hey  also found this molecule to be
widespread, detecting CCS in 68% of cores observed in the ‘1’a.urus  region. Thus, CCS s.~ould be a
g;ooci molecule with which to de Gerinine  conditions in pre-protost?!!ar  cores.

7’o use CCS as a tracer we must  be able to predict its line emission under a varie~y of
physical  conditions. CCS has no hyperrlne  structure. which simplifies inter  -preta~ion of i[s spccr.  ra.
particularly in regions with narrow spec~ra]  lines. f{o\vever,  CCS Ilas eiccLrO[llc  i~[~~ul~[  IIIO(IIC!ILLI III

due to spin, complicating determination of its energy levels and collisional cross sections. In this
paper we consider in sol[le detail the e~citation  of CCS ar[d use our ca[culatecl  collision r~tes
to analyze observations of three CCS transit  iorls.  With  this information we de\errllil~e  physical
conditions in 1,1498 and ‘1’ MCl-1),  two rlarrow-]ine  derlse ccjres  in the ‘1’aurl.]s molecular cloud
reg~on.

9
d. CCS I;xcitation

In order to deterlnine  physical conditions, we require a statistical equilibrium Calculation
of level pUpUla~~OIIS and line intensities. We utilized the large velocity gradient  (LVG) model
(Golcl.reich  & Kwan 1974). We emphasize that for modest  optical depths, the form of the velcjcity
:,radieILt, or in fact the choice of radiative trallsfer  rllodel, is Ilot critical)  arid the I,VG Inociel is
adopted here essentially as a convenience rather tharl dlle to any assumption that these cores are,
in fact, in sy:nmetrical  radial motion. This  approach is justified by the conclusion (see below) that
the CCS optical depths, although not always srna]], do not significantly exceed unity.

For’the CCS lines we have observed, spontaneous decay rates range from 4 X 10 --7 S-l

to 4 ‘X 1 0-5 s- 1, while collision rate coefficients are 2 to 9 x 10-”11 CTn3 s- * , yielding critical
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dcnsities  of approxilnate]y  3 x ]0’1 CTn-3 to 4 x 10s CTTJ-3.
spontaneous decay rates, and collisional  rate coefllcients are

~’he molecular structure of CCS,
further discussed in the .-ippendix.

l’he upper levels of observed transitions range from l.fi K to 20 K above the ground state. Given
these parameters, we see that the lower rotational transitions oi CCS will be e.<citeri  only in the
rela, tive!y dense regions of dark clouds, but together with the higher transi~ions, they make an

eilective probe of both temperature and density throughout these regions.

“l’he I,VG cccle requires the collision i~te coefficients, A-coefficients anti  energy leveis for

a pa. rcicula,  r moieclular  species 5’. I,ine intensities are then ca.lcuiated  for a rx:~g;e oi kinet ic
temperatures, densities, and fra,ctiona]  abundances .K(S)  ~ rz(5)/n(lI?).  ‘The ve!ocity  gradier, t in
this code is embedded in the fractional abundances which are entere d as the fr~ctional  abun{!ance

per unit velocicy ~radien~, .x(.$ )/(u’V’/U’T),  since the opcicai  depth  is prooort,  ionai  to this cluar~~ity.

WC inc lude  the  37 lowest  CC.$ ener~,y Ieve!s with their  associated  col]isio!l  :~Ge>.  ‘1’11~’ ]i(lo
intensir, ies are presented irl te~ii~s of a blzghtncss te7rIpcrnture  1’B , defined as th~ CcqLper;.lL(lrc, iI, !Iit:!I

p r o d u c e s  t h e  c o r r e s p o n d i n g  P!anck  func:ion inr. ensic;{  in -r,he R,avle~gh-.lt~ans  Iirrl![ ~hu << A’l; , 1. i~’.

.
l?’~) = ~;;-;-:l(  v). (~)

2

q.’he CCS emission lines used for this study  are t, e$ .~J :- 12 ‘. ol,~q ‘-- ?? a~,d ~s ‘. 67

transitions occur yiP. S at ar)Dro,<~rnacei-/  ‘2’2, dj a,~d 94 G}Iz res~ective!y,  F’igure  1 ~hows Ghf:. .
brightness  t e m p e r a t u r e  of Lhe three transitions  Of ~ntereSL as z function of }12 densi~y,  ‘~he ki[le~ic
teIflpE!raLUre  of the gas is fixed at ]0 K and X(c CS)/(UV/dT) is set co 2.5 x iO-” Lo (kTrt S-lpC  - ; )-’,
which is the value l’l~ente  et al. (~989) computed for 1,1.!9S based On observations and tin I,k’(;

moclei.  Typical dense core H? densities lie in the range 104 -- 103 cm-  3 (Gold smiLh 1987), Wichln
the range  of the graph. I’or these particular conditions we see that for n~ost densities.  ~hc -1.5 C; ~iz
transition is pred~czed to be th.c strongest. l’or Ciensities  above !047 c:rl - j ~p, e g,! C,llz t:ansit:on

~hol~!d be ~tyc)n~:!  tha;~ the ~~ C;IIJ  LI’anSitiO[l,  ‘1’h~ -!b ~}{? ;O ~’? GH~ line ~~rlo a~~+~~r~  to be
t h e  ~ilo~c  se:lsitjve riensicy ~r~c:>r  at Icjwer densit; es. Z’he 22 (~Fiz transl:[on  beco[~!es optically  t!~,ick
at higher densities than do the o~her two li]~es.

~i:, ures ~ - 4 present the bri:, krt~less  te![lpcrature  of a ~l~lg!?  Transition togs: h.er wi~h ~hc i’a.t~O
of the bri~htness  temperature of two transitions, as a function of T~F12 and ,Y(L’C’S)/(dV/’dr)
l’he intersection of these colltollrs  allows OILP t,o pinpoirl~  the correspon(i  irig physical  Colldilioll>.

nF12 and .Y(~~,$’)/(dV/uT)  , in tire molecular c!oud. Pye have generated output  spanning the r~.n~jc
0[ 1’ ~ to 20 K fo r  use  in s t u d i e s  of dark  C\ OUd  S. \Ve prcsen[  here the intensit.ics a n d  ratio~ ()(”

different transitions for a tenlpera,  ture of ]0 ~. ~~esuits  for other temperatures are p~escnLed  i[~
Wolkovitch  (199(3).

I’he contours of constant 1~ (thin  dashed lines) in l’igures j? to 4 show how the depencle~ce
Of ?’B 011 ?l}lz chan~; es in the sub-t  herlnai  and thermal reginles. In the opticaily  thin and
sub-t’herma] regiorls  of the graphs, the bright  rless terIIperature  is proportional to the produc:
of CCS density and hydrogen density, i.e. I’R N 7tCc~ . nF12 =- x( CCS) . (n Hz)2. Thus for
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constant TB, we expect X( CC5’)/(dV/dT)  N (nF12)-2. III the optically thin and therl[lalized
regiolls of the graph,  the brightll~ss  texllperature  depends only on the Cc,$ density, and there fc)re

7’B w nccs = ~(CCS) . n~~z , an d we have ~(CC’5’)/(cW/&-)  w (T~H,) ‘1 g’he figures show that the
SIOpeS Of the COIMtallt  7’B curves change from -2 to -1 with incre~Lsill~,  ~~~{z as expected.

3, Observations

We employed the 13.6 m I’ive College Radio .Astronorny observatory (1’ CR.AC)) telescope irl
New Salem, MA and  the 34 m and TI) m telescopes at ~~s..i’s l)eep Space Network (I)SN)  ill

Goldstone,  CA to map two cores. Table 1 contains solne relevant telescope and line parameters.
All three telescopes had comparable beartl  sizes, and their spectrometers gave similar velocity
resolutions w 0.008 km S-l.

Observations at k’CR.+0 were made in December 1994 and January and June 1995,
utilizilig the QUAR, RY 15-elenlent  focal plane array (r, rickson et al. 1992) ar, ri a 1024 channe!
autocorrelation  spectrometer. The 2.5 MHz bandwidth yields channe! spacing of 3.0 kHz and a
velocity resolution of 0.008 km s- 1 at 94 GHz. We used frequency switch in: with an ofiset  Of
either 0.6 or 0.8 MHz. System temperatures during  the observations  ranged  fronl 400 K to fi50 K
In January 1995 we observed Mars and calculated a nlain  beam efficiency of 4:1% at 94 GHz. ‘l’he
70 m and 34 rri DSN telescopes use a 41) MHz, 2 million channel Wide Band Spectrunl  Analyzer
(W13SA),  with channels co-added to produce a velccity  resolution of 0.008 ki[~ s- 1 at 22? Gilz.
The efficiencies of the 7’0 m and 34 rr] dishes have beerl  measured to be TI)~O and 4G~o respecr,ive!y
at the frequencies of interest (I, anger et al. 1995). l’he  receiver used at the 70 m ciish haci a
maser preamplifier as first stage giving a system temperature of approXir[lately ~!O K at 22 CHZ.
g’he 3.! rrl an tenna  was  equipped  with a cryogenic~,lly-cc~jieti  FI].;~[”I’ pre. anlplifier ha, vin~, A nos[
ten~per~ture  of typically 130 K.

3.1. ],~498

‘iJhe central position of 1,1498, CY(1950) z 04h07’’’50s,0,  6(1’350)  u 25 °02’13”, was taken froni
a Co survey by Myers  et a,]. (1983). ‘l’his relat ively isolated  object  is located ir[ the ‘i’aurus

- ntoleclular  cloud region a,t an estimated distance of 140 pc, No l~.L\S sources are associated wi~h
this core (I]enson & Myers 1989). Observations in various rllolecules  have shown 1,1498 to be
v.xtrel[ie]y  qu iescen t .  For example,  I’iebig  (1~~()) reports  an N113 Iinewidth of ().19 k7r/ .s  - ‘ i~rl(l

Kuiper,  J,anger,  & Velusarny  (199G) repor t  0.22 k7rL .s-l , only  slightly  larger than the thernlal
linewidth of 0.16 knL s- 1 at 10 K, l?iebig~s  observations of the !N}[:, (1, [) line and th[i ‘2 –- lo
t ransi t ion of  CCS reveal  very differerl~ spatiaI  distributio[ls  for t,hese [[ Iolecule~  i[l L 1498, wi[ll
the NH3’er[lission  occupying a sigllificalltly sm~ler region  than does the CCS. I’he N}13 map
shows a fairly round, centrally corldensed  shape to the core, while the CCS map reveals a larger,
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slightly e]]iptica] core with two distinct emission peaks, one to the southeast, a[ld one to L}lc  V;CS[
of the amri~onia peak. lvlaps of 1,1498 have been made ~n ocher molecules including Clso (Zhou

e t  a]. 1994, ],elIIIIle  et a]. 1995)  and  CS (I, e~nnle  eC al. 1995).  “l’he morphology of their (;S mfip
is similar to that of our CCS maps. M y e r s  et al, ( 1983) estima.tecl  the size of 1,1498  to be 0.1.6
pc based on the size of the dark regiorl  on the Palomar .lLlas Sky Survey, and they piaced an
upper limit mass 011 the core of :].2 Jfm from CO observations, \Ve used J’CR.-{O to :[~a,ke a 5>.
x 6 beam-sampled map of L149S at 94 GIIz. ‘_l’he integra,tjon  time per pointinq  (’which  yielded
15 pixels of data) was approxirna,  [e]y .5.5 ‘CLOUTS. o b s e r v a t i o n s  of 6 correspon(iin:,  po>i L:O(IS at t;

GIIz and 10 corresponding positions at 22 C,lIz were made with the DSN telescope. Integration

ti~[ies  at the DSN- wers approxin~atsly  20 fi”tinu  CeS ~er position. , -,“~QIJ[e .5 j~~~~ (’(”s .j~[,(,[  ~~.L ,\l { 1)~1

1(1498  ce:ltrai position at all A:es frequencies.

The CCS liires  i n  1,1.19S are well fit by a sin~pie :,aussian. “1’\\e  ~iflcwidli~>  i ~~~”~[!,[)  dl All
posi t ions are remarkably narrow, , --angjrlg f’ron~ 0.!6 to 0.20 krn  S- ‘. .-\t a, kinacic temperature O(
10 K the C(S thermal linewidth is 0.09 ,k~r~ s- 1 , and tfi, us the non-t herrrla) components  of ril(!
]inewiciths are be~ween  0.13 and  0.18 k7n S-l. l’ab~e 2 presents  the  linewiclths  Lnci che brighz~:ss
tell~perar, ures at the posi+ons where CCS spectra were o’osa:veci  in more tha:l one transition. l’he
an tenna  telnperatures  ha,(e bee:l  corrected for n~ain beanl eflicienc:+.  The meai~  V[.r is 7,S5 km

‘-”l.  The Iinewiciths  presented ar~ ;hose of the 22 GIJz transitions because they have the best.>

Sigi!ai to noise ratio. The  linewicit$.  s oi tire di~?erent  CCS :rar,sitions  agree to within  the f i t t i n g
uncertainties  at all posir, ions iIl L1YQ8.  Note that the rat ios o~ the peak bri:huness  tertlperatures
vary with position,  Dossj’o]y  jn~icatjrl,:,  ~ifi-erences  in the ~h~sica,l  conditions at each Iocacion.

}Ve r[lade a ,5x6 bearr)-sampied map of ‘I’\[(; - 1 [) at, 9.1 C FIx with A t~;;~c,I.1  int~:r+  If~II
t,irne of about  8 hours per pointing. ‘i’he centra.i  position used was Q(1950) : 04h3S’[’-i2’.0,
6(1950) :.25034’50”, This map was used with a corresponding; beam-sarnpleti  rr~a.p at 45 G Ilz,
together with a Nyquist-sanlpled  [~lap at 22 GI17, (L, anger er, al. 199<5). We in~erpolated  and
convolved th e 22 G]Iz da,ta to corrcsf)ond to the positions and spati~l  resolution of the 45 GIIT,

aild 94 CTIIZ spectra. l’igures  7 and S show the 45 ~IIz and 94 GIIz spectra (see I,auger’ el a],
1995 for 22 GHz spectra). I’igure  9 is a contou r map  of the total integrated ir.tensity  of the three
CCS transitions. ‘he general shape of “J’MC-11>  looks extreme!y  sin~ilar  in al! three transitions.
although the 94 ~Hz transitioll  appears to be slightly more centrally  concer(r,  r;r, ed.
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Unlike the 1,1498 spectra, the CCS line shapes in 1’MC-11) are not simple ga[lssians.  I’iF;IIr  CS

i’ and 8 reveal the complexity of the CCS spectra in two transitions, and even [[lore cor[lplcxi~y  is

evident in the Nyquist  samp Ied 22 GIIz maps shown in I,anger  et al, ( 1995). Possible explanations
for the line shapes are self-absorption or rnu\tiPle distjnct  velocity corn poncrl[,s  AIO(I~  I }1(1 Ii[i( i) I

sight. We may reasonably rule out absorption because the complicated velocity structure appear:s

in dl three of the transitions. The present LIS G}IZ and 94 G}{z cia. ta strongly suggest,  AS LIOC>
the 22 GIJz data (Langer et al. 1995), tha,t there are several clumps of” gas along the line of sig;ht,
each having a slig;htly different velocity. At least three of these are distinct enough to be analyzed
individually.  They are located at VL,SB = 5.65, 5.S9, and 6.11  k71L s“ L , and will be referred co as
the low, middle, and high velocity components, respectively,

We ha,ve fit each of the spectra with three Gaussian components, ,-1 number  of attempts
indicated that the three intensities, line widths, and central velocities could not all be fit
satisfactorily simultaneously. If a[l 9 parameters were left free, the fittin~ sometirrles  prod ucecl
unreasonably wide or narrow components, and occasio[la]]y  negative amplitudes.  111 consequence.

we constrained the parameters of ~he co~[lponents  based on the assun~ptionj that  ( i ) the vc\oci  Ly
centroids  of each component could not have large velocity displacenlents  across the map; (2,) the
line widths for all three components had to be si~Ililar  and lar~er  than  the Lherlnal  line width for
kinetic temperature of 10 K and less than approximately 0.5 ,kTn s- 1, .-in exanlple of the three
gaussian  fitting is shown il~ I?igure  10. I?urr, her details of the fittins procedure are discussed in
Wolkovitch  (1996).

4. l)eterrnination  Of Physical Conditions

We attempted to deterrn; ne the physical  co[~ciitions  by lilatching, ~he three line irl~erisi ties
observed with the predictions of the LVC, model, PVe die! this by per for::! in? a ;~~ I::iili  IP, iZati O[l of
the difference between our obsegved line intensities and the precfictioILs of the I,VG II\odel.  Pve

used the standard definition of ,y2 (Taylor ]982),

(
]

~’q(~b,j(~i) -  
~’t9(LVC;] (vi) )X2+” -2”’ “-  ““–--’-------”-  ,cr(’Yf)(ob,]i (U,))

(3)

where 2T}~(06~1(~i)  is the observer-l peak brightness temperature at frequency Ut, and 7>I[f, Vc;l(vi) is
the corresponding brig~ltness terrlp era ture prediction fro[tl the I,VG code. The s~ar~c~ard  deviations
were taken to be the quadrature sunl of the urlcertai~tties ir~ the F;aussiarl  line f~ts and the

uncertainties in the telescope efhciencies. “J’he SUIII in equation 3 is performed over all frequencies
observed at the position of interest, The estirrlated  fractional error in maiI~  beam efflcie:~cy  of
each telescope is 15Y0. ‘l’his wdue is based on a typical 10% uxlcertairlty in the temperature of
planets used for the calibration and the additional uncertainty c,f source couP1irlg  to the beam. AS

disctissed below, for some positiorls this mirlinlization  approach was successful, while for others
there was no c]ear finirnum that would serve to deternline  the kinetic temperature.
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4.1. Kinetic Ternpcrature

‘/.1.1. L1.{38

l’or the six positions at which we observed three CCS transitions, we have made plo~s  01’ t:~e

mininlum  X2 value as a function of temperature, as shown in Figule  11. ‘l’he piots  appear jaggcci

because the x~ values were calculated on a discrete  ~arid, ‘l’he grid in t e rva l s  ~or ?’A . ~OSlo(i).}l, ).

ancl logl O(.X(CCS)/,~]-/  ~i-) are 1 K, ().05. and ().05, r e spec t ive ly . .-\L al] posi:~orrs  in I,i-!g8. the
unce~tainty  in the te]escope e?licienc:f  is significanti;~  lar~er than ~’ne Iinc fic lirlt:pi.~,li[]r,le>,

‘The graphs  of X2 VS. I’K in Figure 11 display two distinct types oi behavior. In thres  or’ t!~e

six positions, corresponding  to the upDer plot in Figure 11, the value O( X2 becomes quits  hI:h  At

lower temperatures, but remains more” or less constant a~ tm]peratures  ra.ngin.g frorr~ 3 K co 20 ii,
indic~ting  only a lower limit on ?’R. In three other positions, seen in the lower plot in Iigure 1 !.

the ,y2 values appear tO ha~;e an over~ll minimum at or beiow T K. IIowever, tire 5i[lalleSt  ,y2 valueS

for the positions with a distinct minimum are appreciably larger  t h a n  the sE:ilesc  ,yq v~lues fcr

the positions with  only a lower temperature bound. Uafortunateiy,  since we are matCkijn  Sj three
free parameters to three observations, we are left with no degrees of freedom with which to relate
chan~, es in the value of X2  LO uncerta,irrties in the t empera tu re  estirrlate. I’here(ore it is not. r-!~’lr

how sig:liilca,nt  are the tiir7ere2ces  in ,y2. Posi;ions  a.?pear t o  faii iIIto OIIe ol V) c3.Ld~oIie> ii: l!ic

s e n s e  of e i ther  having  the kinetic tem~eratu; e well aeterr[lined  with a typicai Ja.lue of ~ .~, or O(
haVing On]y a lower limit  of aaDroXinlate!;/  6 ‘K, but allOWing  SO1uti OnS up to :he maxinlurri Vaille. .
considered of 20 K.

Although we are not able to de~errnine  the kinetic telilperature de finitive!;i  at every position
in 1,1498,  the results  for the posjt~ons with well- defineci  ‘1’~ are consistent with other obser-~ations.
Ilenson  and J[eYer5  (1939) USe~ ~H3 observatior!s of 1.,1498 to arIive  at a te:~~perature  of 10.1 K.
l’uller and MYers (1993) used observations of a heavy rrloiecule, HC3N, and a li~ht nlc)iecule,  NJ13,
to separate therrnal  and non-thermal ve!ocity components of spectral lines. “l’:~ey arrived at a
kinetic temperature of 7.7+. 1.3 K, ~’iebig  (.199(1)  perfor~ned a similar analysis with seven rriolecula~

specie,s  of varying weights, and arrived at a kinetic  temperature of 9.6 + 1,3 K. lIowever,  using
a variety of molecular  species to determine the temperature in dense cores may be problematic
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because of the observed tendency of differerlt  molecules to trace diflerent regions within a core

(Myers et al. 1991, Swade 1989). This chemical differentiation is also evident in L] 498 (Kuiper  et
a,l. 1996) and TMC-l  D (Langer  et al. 1995).

our results from CCS are consistent with theoretical expectations for a cloud in a weil-shielded
environment. calculations  ba]ancjrlg  the rate of heating and cooling in derlse cores (~o]dsmith  &
I,ang;er  1978, Miran  1994) indicate that the heating alld cooling rnecha,nisrns in molecular  clouds

place a ]ower ]imit of approximately 6 to 8 K on dense core terrlperatures.  In our data half the
positions in 1,1498 do not incline towards a particular telnperature  while the other half indicate
temperatures which may be as low as 7 K, Because of this uncertainty, we will adopt a kine~ic
telnpera,ture  of 8.5 K throughout L1498, the average between our lowest derived temper  aL\lrv
and other evaluations of about 10 K. ‘l’he dependence of derived density and column density on

te!npera,ture  are discussed in Section ~!,2.

IIL a nianner  si]nilar  to ]14!28, we perforined  a X2 minimization to cjeternlinr t,llc bf~st.fil
physical conditions in the velocity components of l’MC-J  1). ‘l’he standard deviations were again
taken to be the quadrature sum of the fit unceTtaillties arid the te]e:~ope Ca]jbrac.  io[l  Urlcerta,  inties,

The uncertainties in the fits were taken to be the Iar:er of lCl~O oi the brigh Lncss  lefrlpe!”aLu(e

and the rms noise. The calibration uncertainties a,re cor[lpa,rable  to the fitti[lq  uncertainties in
the data. +1s for 1,1498, the X2 minimization was satisfactory on]y for a [rac:ion CJf the polrl[s
observed in TMC-l  D. There was no obvious ~iff’ere!lce  iI1 the Spa Cial distribution of these two
types of positions. ~’olle et d (1981) used N113  observa~iorls  of I’VIC-11) to escin~ate a kinetic
ternperat,ure  of 10+ 1 K. This temperature nlay Itot be ideal for assessing our o~servations  beca, use
o f  t h e  tqndency of N112 and CCS to trace ciifl,?[-erl~  colrlporlcrlts  of the gas ciis:ributiorl,  .-[s fc)r
L1496’,  we will assurue a kine~ic  terIlpeIa,Cure  of S,5 K.

4.2. 112 l)ensity  arid  CCS Cc]ltlrrln  l.)~nsit.y

4.2,1. 1!1498

We computed the best-fit values of both nF[2 and X( L’CS)/(dV/dT)  within 1,1498 by fixing
l’K as discussed above and findin~ the nlinirntlm  value of ~z in ‘2-dimensional  parameter space.

‘J’here are three clifferent  CCS line observations at six positions in 1,1498. Fixing Ii- leaves two
free parameters in the mode], nF12  and x(~~&5’)/(dV/d7)  . Since the number  of degrees Of freedorrl
v is defined as the number of data points  rnirlus  the nulrlber  of free parameters, we were therefore

left with’ one degree of freedom. For u == 1 the fj~% and 95% confidence intervals on X2 are

X2 < 1.0 and X2 < 3.8, respectively. Though  our techniques are not statistically rigorous due to
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the uncertainty in T’K , we will usc these confidence intervals as g’~idelin.es

~’j~;ure 12 shows ~ tYPical ~]ot of the X2 Corltours  for density  and CCS a b u n d a n c e .

“J’he slant of the X2 ellipse implies that as the best-fit value of n~[z increases, the best-fit
X( CC’.5’)/(dV/dT) decreases, and vice- versa,, as discussed in Section 2. “1’~ble  3 contains  the bes C-fit
densi t ies  and CCS cC)]l.lmn densities at TK =: S.S K. The  best-fit H 2 der.si ties  are larger Z[ 7 ~;
than ar, S.5 K by factor of ti 3. The typical density at 10 K is Sina,l]er  than the (iensity  at S.5 ~ by
a factor of * 1.5. Weighting  the densities by their  ,y~ probabilities and a.veraSiI:~  them gives mean
volur:le densities at 7 K, s.j K and I() K Of ],4 x 105, 3.3 x 104 and 2.3 x 10’i cnz-3j respect  i’;e!y

‘l’he best-fit CCS column densities change very little  with temperature. I’his insensitivity
results from the fact that N(ccs)  is :)roportional  to the integrated CCS intensity which is fi.xcd iIl

the ,y~ minimization. The column ciensity in 1, i498 also remains remar!<a’oly  constan;  at difl’er~nt
positions. .At 8.5 K the weighted mean CCS colur[in  density is 5.5x 1012 cm-~. 3’able 4 con tins  a
comparison of this value to other  estimates  of N(CCS)  in 1.,1498. Our value is extremeiy  CIOSe LO
t h e  estirna,tes  by Fuente  ~t al, (1990) althouqh  it iS srIlaller  t h a n  Suzuki ec al,’j calumn  density  b:<
a factor  of about 2.5. I’igure  6 shows that [,1498 niay be approximated 3.s a.n eilipse with a n~:~jor
axis of ().16 pc, and minor aXis Of (). !() DC, assurninq a distance of 1-!0 pc. ;~;e n~a~ reason  a’ol~
estimate the line of sight depth of the cloud as the average of these t’.vo  dimensions, arriving :.L
l) = 0,13 pc. T h e  fractional  abundance  of CCS is :V(Cc,S)/(D n~, ) = -i.9x 10-”1O.  This  vaiue i s
sma.iler  by a factor oi ~ 16 than the CCS abundance in 1’.MC. ID previously ce~errnined by Suzuki
et al. (1992) to be 8 x 10 -9, and very similar to the fractional abunda:~ce  of -! x 10-10 predic:ed
by Smith et al, (1988) using chemical evolution rnocieis  Of TMC-i D. .4nother chemicai evolutio[~
inode] by .M~llar  and Herbst  (1990)  predicts  a fractional  C C S  abunda. nc~ in ‘1’~’f[(’- 1 [) Or I I x I ~)- !)

I’or  ‘I’ll C-l  D, as in L,1498, w e  f o u n c i  the va,iues of .Y~CC.5)/(ti~~’”/a’~)  and :~+[. which minim i::e’:1
Xs for each position, assuming a. telnperature  of 8.5 ‘K, In cornputins  column densities from the
best.  ~t ,falues  of jY(ccs)/(dv/dr)  , we took the veiocicy lincwicith  to be ~~,e ~;erage  width ~[

the gaussian components for all three  transitions. Figure 13 shows a diagra[[~ of the best-fit
hydrogen  dens i t i e s  superinlposed  011 a contour  ~lap Of ~? ~lI?, Ccs  e m i s s i o n  fron~ ‘1’1[~-  11)
iILtegra,terl  over t,he appropriate ve!ocity  interval  correspo[ldin:  to each UO[[Lp  OIICILt. OU[” C2LiCUldl.CL\
densities vary from 103 to 106 crrL- 3, The very hig, hesc densities are somewhat suspec~ beca IJs[ of
the sensitive dependence of the derived c!ensity  0[1 the !)ZI c~}[z  line int, erlsit,  v. iirI[! [.ht~ Ir~~l;\I  it(l~
larg~ uncertainty in this quantity, >\bout ~(1~ of t~.e positio[ls irl the high- and middle-velocity
components have best-fit densities betwesn  103s and 1052 CTr~-3, a,nd 90y0 OF the positions lr,
the low-velocity component have best-fit densities betweell  1()~0 and l()’ld C{n-” J. Therefore the
iow-ve]ocity  component of T~lC-1~)  is characterized by a sorllewhaC  lower avera:e densit;i than
the r~~iddle-  and high-velocity components.
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‘1’he average densities in the low (5.65 km s- 1 ), middle (5.89 km S-l) and high (6.11 k7rL
S -1, velocity components of ~~~c-1~  are co~[lputed to be loss~05, 1043i:05  ~[,~ 104.3+ 0.4 ~m--~,

respectively. ‘I’able 5 presents a comparison of our values to densities derived by other observers.
our values for the middle and high velocity components seem fairly consistent with previous
results, although the low-velocity component has an apparently previous ly-urlrecogllizeci  lower
density.

WC a,lso compare OUr derived CCS col{lnln density  to j~revioilsly{}tir:t~f~ vA+~Ies. ~t~’r:~l.<
our values of N(CCS)  are for the individual velocity cor[~ponen{s  along the line of sight. W(I rTltlV
estj]nate t h e  total  colurnr~ densitv along t h e  line of sight bv sunlnli[l!  [I)(T (:011111111 d(’!l>ili(’~  II I II(’.

same spatial posi~ion. ‘~he to~al column density at the l’MC-l  D cencra.1  position is then 3.3x  10L’
C771 -Z. ‘1’a.ble  6 contains 2 comparison of our value to previous estimates of CCS column clerrsity
in ‘I’NIC-l I). :ill of the estimates are fairly consis~enc.
densities on the 22 GHz emission rr~ap.  l’here  appears

CCS column density and 22 GHz CCS emission.

AS for 1,1498, we may estimate the abso]ute CCS

Figure  14 overlays the computed colu[rlr]
to be a significant correspondence between

abundance in TM C-l D. While there are
three distinct velocity features in ‘T]~C-11), we use the central ve]ocjty component for our estimate.

as it appears to be the Inost  we]]-defined spatially  in ~’igures 13 and Ii. V/e rrlay approximate
the shape  of this Component by an e]]ipse  with major and minor  axes of * (),16 and 0.11 pc,
respectively. We will assume the line of sight depth of this corIlponent  to be the average of the
other two dimensions. l’hen  usirlg the co].-rn]n  densit~{  of the C~L~ position of 1012.7 cm-2  and
the average H2 density of the central  component of 1.9 x lfJ4 CnL-3, we obtain a fractional CCS
abundance of 5.8x 10–lO. ~’his  value is very close to the X(CCS)  deter~lined  for L1498 (see Seer, ion
4.2.1.), our value is also consisten t with th e predict  iorls of chemical  evoiution models  by Srrlith
et  al .  (198S) and  ?vlillar  and llerbst  (7.990).  a,lt,houg~l  our va,lue is si~nificantly sn~ailer  than the
absolute abundance of 8X 10-9 derived by Stutzl]ki  et al. (199’2).

5. Iliscussion

With the density, size, kinetic temperature, and velocity distribution we cam estimate the
structural and dynamical properties of the derlse  cores traced by CCS, “Lhe general  shapes Of
1,1498 ancl ‘1.’IIC-I1]  look si[nilar in all three transitions, although  the 94 G]Iz transition appears

to be slightly more centra]]y  concentrated. l’his srllal]er en~issiorl  distribution could be due tO the
higher  densities required to excite the NJ =: 78 level.

5.1. Mass  Es t ima tes  ancl  Virial F,quilibrium

Using  the size estinlates  for 1,1498 from the extent of the CCS emission (see previous section)
and  the IrIean densi ty from ~ab]e 3, we estimate a mass  for L149~ of 2 MO (taking p =. 2,33
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amu as the mean mass per particle). We may get a roush i(ica of whether or not, 1, 1 I!IX is
gravitationally bound bY calculating  whether it is in virial  equiiibriur[l, lIL Lb. e sirrlplest  Sce[lill”lu.

such an equilibrium requires a, balance bccween ~aravit<~t ional pote[~t ial energy ~[ld ~i[lc~~if:  ~,[)t,[.!:~i

from thermal and non-thermal motions. ~jlac[,are[~ et, al. (1988)  ShL)W ~hat (i >u[f-~riltlldlill:

sphere with a power law density gradient  in viria,l  equilibriuln has a nlass

w h e r e  R is the c]oud radius  in pc, AL- is the ]ine-of-sishc  velocity  l’LJr H\l Oi In 112 ~:idecu!e  ‘?.

km S--l  , and k2 is a constant which depencis on the derLsity  gradient.  k? = 125 for n = r- ‘, kl =

lQO for ~’ ~ ~-l and k2 =- 210 for constant n. l~quation  4 does not account r’cr  the efiec:s  of r.i!e
gas pressure of the surrounding  rr:ec.lunl.1’

Hefore calculating; the virial mass of 1,1498, we IILUSL compute the Iinewi(i:h  of 112 enlissio[~  II
LIJ~S  l)ecau5e  the ~~erlllal  pr2ssure  is provided KII:.IIIly  b: !,n~ t}~(if”()~[’[1.  If ‘.V;’ iL>511111[’ I  Ilcll ‘. ( ‘S

is cracin:  the mor,ions of the buik of che g-as, then the non-thermal portions o{ the CCS and Hz
li~lewidths  should be the same. and only the therinal  motions will difler.  Since we know i,he kine~ic
tempe~ature  of the core, the total H.L linewidth is

From the average CCS Iinewidth of 0.1S0  k77t  S- L l.n 1,!498, we co II”rpu  Ce an }~~ linewid~h  of+~.-!~
km s-~ for 7’K z S.5 K.

Using equation 4 and assuming; a fairly fia[ density law TL ~ r- i , aj suggcs~ed  by :he present
observations and those of Zhou et al. (1994), we calcuiace a vlrial mass of 2.; !.IQ t“or Che ~,!-!!~~
core. Our estimated virial  mass is only 30 percent larger than the gra.vitatioval  mass. 1.1498 thus
appears to be close co virial eouiiibrju.  m. Tllij  aila!:f’sis  is approxinlate  bec~::s 141498  does n o t
a;)pear  to be spherical, however a SIU C!’; b~v \I:JeTs et a!, (1991)  of dense cors s’napes ir~dico,~es
tha.: some elongat ion of a core does not ‘-’ “f -. .,. ,

sl~.!l  \c. cantl+v ar:ec[ the vlrlal eaulllorium  est, [nca: es.
., , ,-i ,!e

previous analysis excludes the effects of pressure  of the surrounding ~[lediurn  on the cora. Only a
modest  amount  of external pressure will  result in the core being bound,

l’he sub-structure seen in l’i~gure  6 could be due to density variations in the core or sir~.pl~
chernica.1  variations. l’iebig (1990) has per forlned a vir}al  analysis on only :h~ southern  ‘:~urr~p”
v i s ib l e  in 1,1498. He estir[iates a mass Of 1.1 JL3 for this c!urnp and finds Gh&L ~he ,gravit.l.  L;o[lli

potential energy is approximately the sarrle as the the~iiial  energy in the cloud. l’his  result is
consistent with our calculations. lIowever,  there has been a recenc suggestion that the two \OCd
rrlaxil[la,  seen ilL the 2’z ~}[z CCS enlission, or le in the rlort, hwest arLd the other  in the southea:~,

are not separate clumps. Instead Kuiper  et al, (1996) have proposed that this emission represe[~~s
lirrlb brightened emission from a shell of CCS. If CCS exists only in a chemical shell then our maps
do not trace the central part of the core seen in NH3 emission by I’iebig (19!20).  Such a chemical
and enLission shell would explain our derivation of a relatively constant densi~y  over 1,1498 (see
I’able 3).
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11~ TM C-1 D we calculate  the masses for each of the three differerlt  velocity  components
assuming a cylindrical volume with the diameter  given by the width of the CCS 22 GHz emission.,

0.1 PC, and the height by the length  of the major axis, 0.16 pc. Using the mean density for the
low, middle, and high velocity components in q’able  5 we find corresponding masses of 0.4, 1.3,
and 1.4 MO. ‘The virial  masses MV7, are calcu]ateci  using a mean radius R =: 0.06 pc and AV

of 0,’17 k7rl S--l. 1’or a constant or siowly varying density profile, consistence with our analysis oi’
‘I’MC- ID, we find MV2 about  2.7 lvl~. Thus  the ‘T MC-l  L) cores are  u n b o u n d  by factors  of 2 to

?. ~’Or these cores la remain coherent structures for long tirrlcs  WOUIII thefl re{{llir[) d. sIIl)hl  AIII idl
external pressure, as might  be provided by external magnetic fields  (cf. llerr, oldi and Nlc Kee 1992).

5.2. Correlat ion of  N(CCS) with I)ensity

Comparison of column density N(CCS)  and volume density r~~l, offers a means of investigating
variations  in hydrogen density together wir, h Cha,nges in the fractional  abundance of CCS, E’or

‘1’MC-  lD we find a weak inverse correspondence bet’,veen  these quantities. Figure 15 is a log-io~
plot of derived N versus n~t for the three ve!ocity  components. In these plois we have omit[ed
data points with largest uncertain  ~ies. On ly  the  IOW velocily clu[rlp !~as a sta.~i>lical!y  i[lualli[l~lul
iI~verse  co r re la t ion ,  wi th  linear  fit to this plot, shows that FJ(CCs)  x 10141. n-022 cm-~. I’he
other  two cluInps have oniy weak correlations with N(~CS) cx n- 007, and cannot be distinguisllc(i
frorrl an essentially flat distribution. ‘This is similar to the result  of column density having  no or
only weak correlation with the density found in Giant  xlo~ecuiar Cloud Cores, using [{(~:r~  I.o
determine density (Bergin  et al 1996). one possible ex~ianation for a part  of L!lih  bchavio~ i> UUJ
assumptioll  of constant kinetic temperature, ~’or TJJ{C-ID  we were urlable tO de[, errrlinp  a kirlcti{

teInpera,  Cure self-  coniistent]y  from OUT nljnirnurni~ation  ana!vsis  ;~fld ~s[\t\  rllt !;llt]f~ ;II S,-l A III
the analysis here the density  sollltions are ~ensitive  to the emissio[l  irltpnsitv  Of [he 94 (~llz  lirI(~

which lies a’~out 2!3 ~ a b o v e  the ground j~ate. I’h us. IrIodcs[. chii[I\!:>  ill ‘l”j, ( , 1 1 1  IICIYCI  iilcllll\ !<l, u,l’

ef~ect on ?LH2 . I f  t h e  l o w  ,W(CGIs)  r e g i o n s  are slighLly  w a r m e r  than thosewith higher colu IIL(I
density, the density calculated here will be lower tharl the true de[lsity) thus flattenirl~,  what wot]ld
actually be a modest positive correlation between N(ccS) and n(}12),

l’he molecular hydrogen densities determined from an e.lcitalion  a.ndysis of CCS 2L1’C
Inoderately  large for dark cloud cores, 6-30 x 1 03 cir l-

3 . The fact that these are reasonably close
to the mean densities obtained from th e viria] ~lasses of the dark  cloud cores sllggests  t I\;\t  [Ilt,
fi]ling factor for this gas is not far from unity. This is very different fronl the low filling factor
implied for dense gas in GMC cores (Snel]  et al. 1994), and imposes significallt  restrictions on any
“clumpy)’ model that might be developed to explain the structure of dark cloud cores.
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6. S u m m a r y

[

W? have undertakeIl  a study  to deterInjIle the physical conditions in two narrow-line dark

cloud cc]res, L1498 and Thl CI-D,  using: observations of 3 transitions O( CCS ~C corrlparabie  spatial

resolutions of 0.035 pc, together  with an excitation model for CCS.

We computed the CCS.~Iz sP1ll-free  co]]ision  rates in the close-  coupied  (CC)  a,pproxi.rrrat;  ori.

‘These rates  represent an irI\provenlent over the the C) CS-IIZ rai, es used by otl-,er observers
to estimate CCS-112  Col]islon  rates,  Prirlcipa,lly  because our ra:es  were calculated in the CC

approximation.  lIowever,  because CCS exh~bits intermediate llur~d’s  case coupling,  using a
method derived in the Hunri’s case  (’o) a,ppro,xirnat;  on to account ior spimdependence  :rr the rates

il(trocluces  some Uncertainty into our final races (see .-\ppe~Lcii.K).

We used a I,VG lrlcJde]  with our c~,}cu]ated col~i~iorl  rates to ~reciic:  CCS smission  at a variety
of kinetic temperatures, densities and CCS aounciances, although since che iines ooscrved  are not
very ootical]y  thick, the results skouid not be highly ~egendent  on the ratiia~lve  transfer model
elnployed, We found that a combination Of three transitions at 22 GHz. 45 C;’dz and 94 GHz ‘,vas

a  good t r a c e r  of abundance  and ~en,sitv  ill cores, 1:1 a  reasonable ~raction of qosit ions c) bsE>r~;  e(I.

w e  w e r e  also able to deterrrllne fairly accurat~lv  t h e  ~ine:ic te~l  LDe:ature,  whiie at o t h e r  posit jons

onl:{:a lower Iimic could be founa,
,jlk:.  “:

=~’)~rvations of L149S reveal i, to be an extrsmeiy  ouiesce:,~  core with linewiaths  oi_ --0.19
km~’~-’l,  inlplyiIlg  that t h e  ~on-therrnal  ~ine~ic energy in  Lhe COre VC!OC!Ly is only ahol)[  A  thirci
as large as the thermai energy. .i [na D Or CCS 94 ~flz emission is relatively Snlooth buc with t<,vo

discjnct  components within th e core. j~e find tha L irl jome positions  in the core ~he best-fit k]n~[lc
temperature is approxinlate~y  ~ K, while at other  poslr, iorls only a lower tenloe~ature  bound C3JI
be (determined.  We fixed the ~ir,ctic t~mper~tllre  co be S.5 K inside ~Ete cors *nci decerminec!

the bes t - f i t  nlolecular  hydroge:l  der~sity ap. ci CCS coiurnn densi Ly ac L(I ?os\r.,  ons in [. i~9x. ‘!’J\(
de[lsi  Ly aI~d CCS columIl der!siiy  shovieci  oniy ri)odest ‘~a~iatfon  I,‘;:/ Dica, il:f < !’xc; or o~  two a n c
three,  r e s p e c t i v e l y )  among  Lhese p o s i t i o n s .  ‘v$”C  Found a[~ av~rLI~e .~i, ~je!~hltV  <j~” j,.~x I\j”  [11(- { Iiiti

an avera,ge  CCS coiurnn  density 01’ G.jx  10]2 CTTI-”2, PV’e  e s t i m a t e  a  iracclonal (;(; S a b u n d a n c e  0 1 ’

4 .9x10- 10 ill 1,149,8. We do not see a jig,:ljfica,[lt  de!lsltv  variation I“rorn  ed,g~, ‘i) ~Pr][(~[ 01 t !l(T
condensations we have n~apped, ‘wnicih is cons iste.q~  wi t,+ a [Ilodel where (.~LIS  cf~~is>io[l  tu[ilt’~  i’i”[~lll
a uniform shell.  I’he l[lass estill~ates  of the ~,1.~~~ core reve~] that it is CIOSe to virial  equilibrium.

(lore TLIC-l D is comprised of three veiocity components alon:  the line 01’ sight centered  a~
approximately 5.65 km S–l, 5.89 km s- 1, and 6.11 kr[l .s-l. We fit gaussians  to the individual
componerlts  arid find theln  to be e.~tremely  quiescent, with \inewidths  rangin~ from barely  lar~c [
than thermal (0.09 km s- 1, to about 0.23 km s–i : F,ach component was mapped  over a 4’ by :)’
region, Similariy  to the procedure for 1,1498, we fixed the kinetic temperature Of the core at 8.5 K,

and deterl[lined  the best-fit }Iz density and CCS co]urnn  deI\sity at :30 positj~ns in each velocity

corn~orlent. Cl’he average  densities for the three collloonents  are i5,3x lo~, ‘2x ]04 and 2X 104 cm - 3 ,

respectively. “Lhe three ‘(clumps)’ in ‘3’ MC-l  D have masses ranging  from ().4 to 1.4 MO and appe.~r
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to be gravitationally unbound. ils for 1,1498, the IIg density shows little variation with position
in all three velocity components. We estimate a fractional CCS abundance in the central velocity
component of 5.8x10 -10.

l’he  CCS energy levels and .A-coefllcients used in the cunputa~ions
lnolecular  catalog maintained by H. Picker. t, R. Poynter  and E. Cohen.

were  take[~  fro[n lhe J [)[
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and the use of the ,JPL Spectral Line Catalog. The computer codes to perform the molecular
scatterin$  calculations, to perform the weighted collision rate average, and to re-introduce  spin
dependence into the H2-CCS collision rates were supplied by S. Green in conjunction with very
valuable discussions concerning their use. \Ve were assisted in the 94 GHz observations at FCR.-~O

by E. I-lergin  and R. Kleban.  T. B. H. Kuiper,  1. Velusarny  and S. I,evin carried out most of tire
22 GHz and 45 GHz observations at NASA’S I)SN telescope faciiir,y. Part of this research was
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A. Molecular  Structure of  CCS

CCS is a symmetric linear molecule with two unpaired spins, producing a total electronic
angular Inomenturn  ,$ D 1, It has no or~ita]  arlgu]ar momentum (J, :- ()) and i[l standard  nloleclll~r
notation of 2S+1A, CCS is a 31; state. Due to its relatively large  mon~e[lt  of ine!tia,  1 : T7 alllU.-\~
(Mur-ikami  1990), the ro t a t iona l  leve!s of CCS are closely  spaced, yie!din~ a l~rge nurn’ber o:
transitions in the cm and mm bands. The  energy level diagram fc)r a, 3!; rrl O~e CUie iS Sixnilar  tO  Chat

of a spin-free linear molecule, but the irlteraction  Of spin a,nd rocatiorlal  angula,r  rnomellta  splits
each rotatic)nal level  into three components. The total arlgula,r  momentum J is the vec~or sum Of
rotational angular momentum N a,nd spin angular  momentum S. ~’he rules of addition for an~,ular
momentum allow .1 to take on any integer value  between J =. N + .$ and J : I!Y -- S1, inclusive
“1’herefore, for each value of rotational angular  nlornenturn  N, the tot, a] angular  morrlcn[[lrn  rIIay
have the values

J=-- N+ 1, J :: N, J=-  N - - I (.\l)

with the exception of the IV =: (I level  which is not split. l’he  three  levels  in equation Al are
labeled J;, F2, and 13 respectively, and correspond to different projections of S OIICO th@ nuclear
axis.
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.4.1. I-1’und7s Cases (a) and ( b )

Precjse ca]c~]ation  of the ell.ergy  leve]~ for a ~lolecu]e  with electronic angular  momentum can

be difi~cult,  because the state energies depe!ld on t!le s~i-errgth  of the interact  iorls betw[wrl 1!)(’
various molecular angular momenta (e.g. spin, rotation. orbital). To simplify tills problem, Hrrnd
developed a classification scherrre for linear rnolecuies. biiS6?Ci  On fiVF!  id(!tili7,  Mi rl”lol(’(’lll ill” rrl{)tl(’l:l.
denoted Hund’s cases (a) through (e). ~’h~  CaSeS dre  Uif~’efen  Lia.  tCU by [!IC! WIAIIW  >(, J_(!(l<L/lh  (J1 /1(>

coupiillg  of the different  molec.~iar  an,;,~’.~r  momenlc~  xrIcJT\.  g eac?I ottler AIId with I ir(’ illi L’!IIII[  !ttI!

a,,xis Oi the molecule. Hund’s CX?S are ic~ezlizatio[ls, ;~[Id  [I IJII~ [ilo[(~([[l~>. i[i(i[i(lii(:, ( ( ‘5. ,11[

hybrids of two or more of these schemes. CCS falls  s o m e w h e r e  be[!veen FIU[!d’5 c3ses (a) and (b).

‘-i (iesc;jption t h e s e  two cases  as chey  appi:< to Che C C S  molecuie t h e r e f o r e  [o!lows. cl’he r?ad:’r  is

referred to l’ow:les and Schawiow ( 19?s) i’or a more =oener&i ~escrlpt, on Of jiu~d”s  cases.

In the IIuIld’s  case (a) mode! of CCS the strOng~st  coupling is betveen th? electronic an~lllar
momentum  (due stiictly to spin for CCS) a~ld the inr, ernuciear  axis. The projection of e!ec~i-or, ic
a.ng’~lar m o m e n t u m  S onto the nuciear  ax i s ,  d e n o t e d  !, is frxeci,arra adds vec:oriai]y  to tire
rotational anguiar  mortlentum  or)erator  -N” to give total angular  morneo Lum J. in lhis idediza Lion,

S precesses  around the internuclear atis. which in tur:t precssses around J. E’igure  16 di~gra. ms
the angular momentum cor.rpiing oi Hund’j  case [a).

In Hund’s CaSe (b) :he coupiin~ is st;o.n%est  between the spin an:ular  rIiomerrtuiI)  S a n d  the
rota.tiol~al angular .mornentum  N. ‘l’he vector jum o“f .S a,nd N gives tire toca! an~ula:  momentum
J, whose projectiorl  onto the in~ernuc!ear afis  is denoted f~. Because spin-orbit interaction is
us.ua.ily  responsible for the cou~iing or’ S t,o the fiuciear axis, rnolecl.rles  like CCS with orbital
angular  momentum  1, D I) tv~icaj]y h a v e  juin cou~le~ only weak];{ to the r.:JC!~a,r  ZKXIS,  aKIC~

. .

the:er”ore  Hund’s  case (’o) iS the :Ilost appropriate description,  In this CMS, the nuclear axis of the
lIIOiecuie  precesses  around  i,he ‘iec:or  sun-l  0~ the suin afid rotatjona]  ang’u!ar :iiOfI~efLt&. LJ bcefl \ll
l’igv.;s  17,

.-\t krig;h rota~ional  ener~ies, SIUnd;3 c a s e  (b) js a g;ooci represan C& Cion of’ I.l CS. i[owe,je[.  !“o(’
stnaii  values  of .V, cou Dling between  the ~Dill and nuclear axis mav be comparable  to the coupli~.  g
O f  suin and rota,  tjona,l  anguiar  :nor~lenturrl.  arid the efiec!s of Hund’s  case (a~l ml.lst  be t aken  into
acccmrrt.  I’he deter  nli Ilation Of energy  levels  arid line sr, r?ngths  for CCS is a complex undertaking.
The transition frequencies and line strengths  for CCS and a great  rnail~ other molecules are

ava i l ab le  in a molecular lirle  cata!o~  deve!oped ai, JI)I,  (Pickett  et al, 1991).  lo clarify r.he
characteristics of the transitions W? have observed, we ShOW in Figr.rre IS the ener~y levels for CCS
b e l o w  appro~ima,t,ely  ~fI ~. “J’~e computer  algorithm  Used to solve  the Hamiltonian  of a rnolec~le
with s p in is de5cribed bv ~ic~ett (1991). “l’~e ~;illsteirL .A. -coefficients can be calculated frort~ the

line iiitensities according  t o  the formulas giveri in the JF)L line catalog.  “l”able . - \  1 lists [,1](! firs I. ()()
allowed transitions and their Einstein .~-coefllcients. When using the JI)L cai, aiog for ~dcul~ti~lg

~~s.transitions  or A-coefilcients,  one should be careful to note that the Iabe!s  of the IVJ =- 21 and
0 1 levels are reversed from those used in this and most, other papers. This ambiguity sterns Irorrl
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the fact that N is not a good quantum number at lower rotational e[ler~ies  (cf. Wolkovitch 19!)6)

A.~. Computa t ions

.4.2 .1, Calculation of Collisional  Cross Sections

We used a molecular scattering code called Molscat  to calcula:e  the CCS-ifz coilisionai
cross sections. ‘l’his code was originally written by I.)r. S .  Green of N.-\ S.-G IS S,S, and has
been nlaintained  and developed by S. Green and J. H u d s o n  s i n c e  1986. [[ takvs as in!jlil; fll(
intermolecular potential and the ener-gy  levels  and reduced mass of the  colliding particles. find

computes cross sections. We used this routine 1,0 caicu]ate  crc)ss sec~,io[}s  Ill [.~Ie (’lcJstI ( ‘(,[11)1($(1
(CC) approximation.

In a collision of two rigid rotors, the potential deDends  on the distance between the molecules
as well  as their relative orientation. One can reduce the parametric dependence o~ the potential
surface in our CCS-H2 system to only two variables by making  two approximations. ‘l’he first
is to treat H? as a structureless particle. Since its lowest excited errergy state Lies above 500
K, collisions] excitation of H? is extremely unlikely  to occur in a rrioiecular  c!oud where kine!ic
energies are of the order of 10 K. ‘l’he vase majority of I[z in molecular c!ouds will be i n  i.1](~  it]wcsl

energy state. ‘The second approximation is to treat CCS as a simple rigid rot, or, negiec~irrg  ics

electronic and vibrational angular momentum. Thus we will obr, ain sta~e-  to-state  cross sections
only for the spin-free rotational CCS energy leveis. Methods  for the re-introduction of spin
dependence into the collisional  cross sections are discussed below. PVi~h these two approximations.
the potential depends on only the center-of-mass separation R, and the angle between the rotor
and a liile  joining the centers of mass of the two particles.

The inter~nolecular  potential used for the calculations  of the  C:-OSS  s~ctions  was taken  from
an ab-initio  interaction poterrr, ial for 0CS-H2  collisions published  by Green and Chap~na.n (197S)
‘lhe  potential was tabulated for & in the range 3.0rr0 ~ R ~ ~,~ao at intervals of 0.5a0 (o.O = Lil[
IIohr radius), and for 13 equally spaced angles  8 where 0° ~ 8 ~ 130°. ,-1 spline interpolation
routine, spline. f, provided by S. Green was used to Co[npute  the pote[}~ial  at non-g ricldecl pol[![. s.
We accounted for the mass difl”erence  betwee rl CCS and OC,$ wlleri  .Ontering  the reduceci  n~ass  Of
the CCS-112 system into the scattering code.

Since OCS has S =. O, the (I CS-H2 potential could on-~y  provide the spin-free rate coefficients
Nfolscat  cannot currently  compute cross sectiorls  for spin included  erlergy  levels;  even if it could,
tilne  considerations would make this option unattractive. IncludinP;  spili effectively triples the
nunlber  of accessible energy levels  of a rotor, and in the CC approximation the computer time
required would be nearly two orders of ma~Ilitude  larger!  )Jetho&  of inc]udin:  spin in the cross
sections. in a more tractable and ef%cient form are discussed below.

Many different runs were performed at various energies to get a complete  sampling of cross
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sections to be averaged illto  the ra, te cocfljcients.  As the collision ener:ies  increased, more and

more scattering channels were needed in the computation. We specified the highest rotational

state used in the caicular,ion  to have higher energy than the kinetic energy of ~he collision, thus
insuring that all open channels were included. 11, a~her than specifying the maximum number oi

Spherica]  harmonics, ‘we let the program run with increasing values Of ~ un~il iL Satisfactory level of

convergence was reacheci,  The Ciefau]t tolerances in Molscat  are 30% for diagci~al  rna~rix eie![iencs
(corresponding to eiastic  collisions)  and O.j% for off-diagonal (inelastic collision) mat:i.x elements.

A prog~am to compute the spin-free collision rate coefliclents from the coi~ision cross seccions,
sig~xte,  f, was also ~rovided  bv Dr. S. Green. .~\greernent with detailed balance was checked for ‘ir~:
indeuendentiy.  corr~puted “uowards anti dowi~~~ards  coefficients. It was found that  quite a few O( [he
coe!?lcients  did noc co~nply  w i t h  detailed  ba.la,nce. .~\greement  was significant!:~  better as the ratio
of collision energy to the level soaci~g between inicia,  i and final states  increas?d. I“ne m~jori[’; of
the cceiylcienr, s agreed to within 20~0.

The accuracv  of  our ~oil~sion  ~aGe cocfllcients  is ~rnporta:lc  for o u r  a!l.+i:jsl.t.  but it is ciifiicuil,

to verify  the results Of  a calculation of this kjncl,  in order to check the reasonableness of our
~oefflc~ent~,  we Comparea the sDin-fre~  CC S.}lq col]isiorl  r a te  coefllciefits  in the cou~ieci Si, a,tesL
(CS)  a,pproximar,ion  (also supported by Y[ok.cat),  to the rate cGeftciencs  for Lhe O(j S-Hz system
pubijshed  by Green b Cha,pr:~an  (1978). T;,eir rates  ~vere computer! in the CS a?proxirilation.  anti
a.ithough t h e  r o t a t i o n a l  constants  o~ OCS dirycr  sornetvha~  fronl  CCS. and tii(! is:iuci)(l II IiL>S 01” ~ItI

system is sljght]v diT~e~e~lt, we WOUtU e,y~e~t the rates to be similar, ,-[ compar i son  o f  the  LW’O .jet~.

Of rates reveals that they are ex~rerne!y jinlilar,  with typ ical  aii~erences  01’ loss !Lzn 10 ‘]. l)l~!;lil~

of the r e su l t s  and  comparison  wlr,h ~he Cou Died S t a t e s  appro.KirIlatio[l  C~II be Iuu [Id 1[1 bt’olku YIIc:I

(PM;,

In this sec~ion  we discuss two methods of incorporating the effects of spin dependence in[o
co]]lsion rates between  the pure rotational levels of C(; S. ‘1’hc f,rsr. rnechod, which was th(i one
adopted for our coxn~utations,  USe S the llurirl’s  CMe  (b) approx ima t ion  to arrive at a sczdir, g
formula.  ‘The second method  is r[lore specific to rnolecu]es  wi[h I[und’s case (A) ant] (1)) r!li:(i~),y,.
,b-~t it o:l-y allows olle to esr,imate  roughly the  spi[l-dependent  collision  ra~e coefficients.

As mentioned previously, it is easiest to include the spin-rotation interaction in the co[lision
rate coetTlcients  after the spin-free coefficients have been computed. .l technique developed by
Corey and NIcCoUrt  (1983) uses the Hund’s case “(b) ”and coupled-states (CS) and infinite orde~
sudden (I OS) approximations to perform this task. Alexander (1982) has performed a similar
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~’i:. 13--- I,oglo of the be~t.fit  hydrOgen density fOr the three velocity  components  in Th[C 111

(from left to right, 5.65, 5.S9, and 6.11 km s-’). Values are overlaid on the contour m~ps of the
zz G~]z brightness ~emperacure integrated over ve]ocitv. , for each component. F’i:ures  in bold fc~n[
have ~z < 4 .

Fix. l------ I,og10 of the best-fit CCS column density for the three ve!ocity  components in 2’MC- ID
(fro~n left to right,  5.65,5.39, and 6.11 km s-’ ). I’igures are overlaid on the c~ncour maps of [he
2.2 GIIz, peak brightness te.mperacure.

Ii:.  1.5--- I,og-log  plot of derived h-( CCS) versus nF12 in TM C-l D for :he i,hree veiocicy components.

Error  bars for middle  veiocity  component data have been omitted for clarity.

F’i:,.  16---- Diagram illustra~ing Hund’s  case (a) couplin: of N, S, J.

l’ig, II’,--- Diagram illustrating Hund’s case {’o) coupling of N, S, J

~’ig.  lS . . . . ~ner:Y  level dia~ram  for CCS; the s ta tes  a re  labeied  by the q u a n t u m  numbecs  NJ.  In

this work we observed the NJ == 12 --~ 01, 34 –. 23, and 78 - ~ 67 transitions a~~requencies  ~~.~,
45.4, and 93.9 GHz,  respectively.
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